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Introduction
Optical spectrometers often rely on the use of white diffuse reflectance standards, such as sintered polytetrafluoroethylene (PTFE), as references in measuring reflectance or transferring a scale of radiance. An important application of such spectrometers is Earth remote sensing. As the field of Earth remote sensing has evolved and produced more advanced sensors, the data products have also advanced to become indispensable tools for monitoring the environment, particularly the small decadal-scale changes associated with climate change. With these advances has come the need for reducing the overall measurement uncertainty. For many applications, traceability to a national metrology laboratory is motivated by the need to relate the measurements to an absolute scale accepted internationally.
For over two decades, the National Institute of Standards and Technology (NIST) has disseminated the scale of reflectance through calibrated standards provided by the Spectral Tri-function Automated Reference Reflectometer (STARR). This reference instrument provides reflectance measurements for both directional-hemispherical and bidirectional measurement geometries. These geometries define the direction or range of directions by which a material is illuminated and the reflected light is collected. The geometry of a reflectance measurement is designated by its incident angle θi and detection angle θr as θi/θr [1] . For example, a bidirectional geometry in which the sample is illuminated at 0° from its normal and the reflected radiant flux is detected at an angle 45° from the normal is referred to as 0/45. For the case of a directional-hemispherical geometry, the sample is illuminated at a given incident angle θi and the reflected light is collected over the full hemisphere above the sample using an integrating sphere. Thus, a directional-hemispherical geometry in which the sample is illuminated at 6° from its normal is designated 6/di (where "d" indicates diffuse and "i" indicates that the specular component is included in the measurement).
While the directional-hemispherical measurements have been routinely provided in the 250 nm to 2500 nm spectral range (often referred to as the solar reflective region), the bidirectional measurements have primarily been limited to the 250 nm to 1100 nm spectral range of the silicon photodiode. In general, this is due to the lack of a detector that can operate over the 1000 nm to 2500 nm spectral range with a signal-to-noise ratio, dynamic range, and linearity comparable to that of the silicon photodiode. The use of a radiometer, which integrates a thermally-cooled extended indium-gallium-arsenide (ex-InGaAs) photodiode with a low-noise preamplifier developed at NIST, has provided a means for extending the spectral range with acceptable performance.
The design, characterization, and potential of a 4-stage ex-InGaAs radiometer to make reflectance measurements in the shortwave infrared (SWIR) have been previously discussed in Reference 2. In this paper, we focus on the incorporation of this radiometer into the STARR, its validation through comparison measurements, and the uncertainty budget. We also apply this capability to the measurement of three different diffuser materials. The 0/45 spectral reflectance factors for these materials are reported and compared to their respective 6/di spectral reflectance factors.
Shortwave Infrared Measurements with an Extended InGaAs Radiometer
A. Measurement of Bidirectional Reflectance Factors STARR is used to maintain and disseminate the national reference scale for bidirectional reflectance. It acquires absolute measurements of bidirectional reflectance using a monochromatic source (nominal bandwidth of 14 nm) for illumination of the sample and broadband detection of the reflected radiation. STARR is described extensively in Reference 3, and a diagram is shown in Figure 1 .
Briefly, the incident radiant flux is produced by a lamp-based source (a xenon arc lamp for wavelengths of 400 nm and shorter and a quartz-tungsten-halogen incandescent lamp for longer wavelengths). Radiant flux produced by the source is focused through an order-sorting filter and shutter onto the entrance slit of a single-grating monochromator. The beam emerging from the exit slit of the monochromator is spatially filtered by an iris to provide a circular incident beam on the sample and is collimated by an off-axis parabolic mirror, resulting in a nominal diameter of 17 mm for the sampling aperture. Next, the resulting beam passes through a Glan-Taylor polarizer before passing through the sample goniometer. The beam is collected by the receiver aperture of the radiometer, and is focused by a lens onto the radiometer, which produces a signal proportional to the radiant flux.
The bidirectional reflectance is calculated from the measured signals in terms of reflectance factor, which is defined as the ratio of radiant flux reflected by a sample to that reflected by a perfectly reflecting diffuser under identical geometrical measurement conditions. A perfectly reflecting diffuser (a theoretical concept) describes a material that reflects incoming radiation without loss and with a Lambertian distribution. Thus, the more closely a material mimics a perfectly reflecting diffuser, the more closely its reflectance factor will be to one.
The spectral reflectance factor for a given sample (depicted as a reflectance panel in Figure 1 ) is calculated using on the following equation:
where R(λ,σ) is the reflectance factor for a given wavelength λ and polarization σ, d is the distance between the sample and the aperture of the receiver, A is the area of this aperture, and θr is the detection angle of the reflected radiant flux. Sr(λ) is the net signal due to the reflected radiant flux and Si(λ) is the net signal due to the incident radiant flux, such that both signals are corrected for the dark current. η is the gain factor correction between the two signals.
The reflected and incident signals are collected by rotating the radiometer between the reflected position and the incident position. When the radiometer is in the reflected position, the sample is centered in the incident beam path; when the radiometer is in the incident position, the sample is shifted out of the incident beam path. For each wavelength and polarization, the signals are collected in the following sequence: incident signal, dark signal in the incident position, reflected signal, dark signal in the reflected position, incident signal, and dark signal in the incident position. For detection with the silicon radiometer and picoammeter, dark signals are obtained by closing the shutter on the monochromator, and the net signals for the incident and reflected positions are obtained by subtracting the dark signals. For detection with the ex-InGaAs radiometer, the signals are collected in AC mode using a mechanical chopper and phase-sensitive detection. The average net signal due to the incident radiant flux, acquired before and after each measurement of the reflected signal, is used to minimize the effects of source drift and fluctuations on the timescale of a single reflectance measurement. The values for both polarizations are averaged to yield the reflectance factor for unpolarized incident radiant flux. 
B. SWIR Radiometer Design
STARR was originally designed to acquire bidirectional reflectance measurements using a radiometer with an ultravioletenhanced silicon photodiode. Based on the output power of the monochromator and the spectral responsivity of this radiometer, measurement of bidirectional reflectance was limited to the spectral range from 250 nm to 1100 nm. However, the development of the ex-InGaAs radiometer with low noise and high-shunt resistance has made possible the extension of the bidirectional reflectance scale into the shortwave infrared [4] .
A radiometer incorporating an ex-InGaAs photodiode was described in Reference 2. Briefly, the radiometer consists of a 4-stage thermo-electrically cooled ex-InGaAs photodiode, a low noise preamplifier, an aperture, and a refractive lens. The lens is a 25 mm diameter, bi-convex calcium fluoride singlet lens with a 50 mm focal length, which collects the radiant flux and focuses it onto the 3 mm diameter active area of the ex-InGaAs photodiode. The photodiode is cooled to approximately −55 °C. The temperature of the radiometer body is stabilized using an external chiller connected to the heat-sink of the thermoelectric cooler with a set point of 19 °C. An aperture is placed directly in front of the lens. The radius of the aperture, which is used to evaluate the area A in Equation 1, was measured by the NIST Aperture Area Facility and was determined to be 10.17763 mm with a relative standard uncertainty u(r) of 0.007 %. The distance, d in Equation 1, between the sample and the aperture of the receiver is 560.4 mm with an uncertainty u(D) of 0.3 mm.
C. Validation of 0/45 reflectance factor scale
Bidirectional reflectance measurements made using the ex-InGaAs radiometer were validated through a comparison measurement with the NIST Irradiance Scale Realization Facility (ISRF) [2] . At this facility, the 0/45 reflectance factor of a given sample can be determined through a comparison measurement using a source of known spectral irradiance and a source of calibrated spectral radiance. A diagram of the ISRF is shown in Figure 2 .
Briefly, the spectroradiometer is moved to image the tungsten-strip lamp which is placed in the radiance position. The spectral radiances of the tungsten-strip lamp are separately assigned using a blackbody with known temperatures [5] . After the radiance responsivity of the spectroradiometer has been calibrated, the spectroradiometer is moved over to measure the spectral radiances from the plaque (depicted by the reflectance panel in Figure 2 ). An FEL lamp of known spectral irradiance illuminates the plaque in the 0º incident direction [6] . The FEL lamp is set at a distance of 50 cm from the front surface of the plaque to minimize the additional uncertainties from distance corrections to the incident spectral irradiances. A rectangular area, 2 cm wide by 3 cm high, on the plaque is imaged by the spectroradiometer. The differences of the spectral irradiances over the larger 2 cm by 3 cm rectangular area to the 1 cm circular area, where the FEL lamps are calibrated, are estimated to be 0.25 % from angular scans of other FEL lamps. The reflected radiation is collected at a detection angle of 45° by the spectroradiometer. The 0/45 reflectance factor of the sample is then calculated using
where Lr is the radiance from the reflectance panel, Ei is the incident irradiance, and η is the gain factor correction for the two radiances. The 0/45 reflectance factors from 1000 nm to 2500 nm of a sintered PTFE standard were determined independently using STARR and ISRF. The results are shown in Figure 3 along with the 0/45 reflectance factors obtained using STARR with the silicon radiometer in the region from 1000 nm to 1100 nm where its useful coverage overlaps with that of the ex-InGaAs radiometer. Although the measurement wavelengths in the ISRF are limited due to the limited number of calibration wavelengths of the radiance and the irradiance standards, agreement is achieved both on a point-by-point basis and spectrally across the SWIR. Quantitatively, agreement between two measurements is assessed by comparing the difference between the measurements to the combined expanded uncertainty (k = 2) of the difference. The differences between the measurements obtained by STARR with the ex-InGaAs radiometer and ISRF are well within the uncertainty of differences, which is 0.012. Similarly, the differences between the measurements obtained by STARR with the ex-InGaAs radiometer and the silicon radiometer are within the uncertainty of differences, which is 0.008. Together, these two data sets validate the 0/45 reflectance factor scale realized on STARR with the ex-InGaAs radiometer. 
D. Uncertainty Budget
STARR has a well-established and validated uncertainty budget for bidirectional reflectance measurements [3] . The contributions of each source of uncertainty are calculated in accordance with the procedures outlined in References 7 and 8. Here, we have extended that budget to include the specifics for the longer wavelength measurements using ex-InGaAs radiometer. This budget considers additional uncertainty components, not previously assessed in Reference 2.
The sources of uncertainty, which are not dependent on the sample, are aperture distance, aperture area, viewing angle, solid angle calculation, sample location (offset of the sample plane with respect to the axis of sample rotation), radiometer linearity, radiometer gain ratio, and repeatability. The first three sources appear explicitly in the measurement equation (Equation 1 ). Their sensitivity coefficients are determined from the first derivative of the measurement equation with respect to the given variable. Their contributions to the uncertainty are evaluated, for their nominal values, from the product of their respective sensitivity coefficients and standard uncertainties. The uncertainties for the later components were evaluated as part of the characterization of the STARR instrument.
The sample-dependent sources of uncertainty are wavelength, sample uniformity, and sample alignment. The uncertainty caused by wavelength is evaluated from the derivative of the reflectance factor with respect to wavelength. The uncertainty caused by sample uniformity was evaluated from reflectance signals measured at 5 mm displacements, both horizontal and vertical, from the nominal center of the sample, while the uncertainty in the sample alignment is evaluated from reflectance factors measured at angles in increments of 0.1° around the nominal incident angle.
All the uncertainty components are assumed to have normal probability distributions. The combined uncertainty is the square root of the sum of squares of the contributions of the uncertainty components. The final uncertainty is the expanded measurement uncertainty, which is obtained by multiplying the combined uncertainty by the coverage factor k = 2. Table 1 lists the sources of uncertainty and uncertainty contributions for 0/45 reflectance factor measurements from 1000 nm to 2500 nm. The contributions provided for sample dependent components are typical for sintered PTFE standards, such as the one depicted in Figure 3 .
One of the most significant contributors to the expanded uncertainty is radiometer linearity. This component encompasses the whole detection system, including the photodiode and preamplifier. It was determined using the beam-addition method with a double-aperture assembly [9] . The increased value of this uncertainty component for the ex-InGaAs radiometer compared to the silicon radiometer (0.1 %) may be related to the non-uniformity of the photodiode. Overall, the resulting expanded uncertainty in the SWIR compares well with the nominal expanded uncertainty of 0.5 % for sintered PTFE standards obtained using STARR with the silicon radiometer. The larger uncertainty occurring beyond 2400 nm is due to a combination of decreasing radiant flux produced by the lamp sources and decreasing radiometer responsivity. 
0/45 Reflectance Factors for Several Diffuse Reflectance Standards
This new capability of measuring 0/45 reflectance factors in the SWIR was applied to three different diffuser materials: sintered PTFE, pressed PTFE, and ceramic. Both forms of PTFE are commonly used as material for reflectance standards. The ceramic material used in this comparison was chosen because it was designed to reflect light across the solar reflective region at a similar level as sintered PTFE. The composition of the ceramic (AHP99) is 99 % alumina (Al2O3) and 1% of a proprietary silicate glass, which is used to bind the Al2O3 particles during kiln firing. The ceramic is known to have minimal fluorescence, centered at approximately 690 nm, likely due to chromium ion impurities [10] . Based on exploratory studies at NIST, the contribution of fluorescence to the total light reflected is greatest with UV excitation and decreases to a negligible amount by 650 nm. (The fluorescence contribution appears to be somewhat sample dependent and is approximately 1 % at 300 nm and 0.1 % to 0.3 % at 500 nm.) This ceramic has a matte finish and is not known to attract particulate contamination as a result of electrostatic charge. Figure 4 shows the results of the 0/45 reflectance factor measurements for the diffuser materials over the range from 250 nm to 2500 nm. The expanded uncertainties (k = 2) for these measurements are given in Table 2 . Throughout much of the spectral region shown in Figure 4 , all three materials perform similarly in terms of their 0/45 reflectance factors. For wavelengths less than 600 nm, the 0/45 reflectance factors for the ceramic sample are significantly reduced compared to the PTFE samples. However, for wavelengths greater than 2000 nm, the reflectance factors for the ceramic sample are less wavelength dependent than the PTFE samples. Overall, the expanded uncertainties differ little for the three materials. Because the 0/45 reflectance factor scale has been limited due to the availability of detectors (wavelengths less than 1100 nm for silicon radiometers, such as used in the NIST STARR facility, or less than 1700 nm for indium-gallium-arsenide radiometers found in other facilities [11, 12] ), the reflectance properties of materials in the SWIR are frequently determined using a directional-hemispherical geometry. This geometry uses an integrating sphere to collect all of the radiative flux reflected from the material. For nearly Lambertian materials, it is common practice to approximate the difference between the 0/45 reflectance factor and the directional-hemispherical reflectance factor by a small, wavelength-independent offset. Thus, the spectrum obtain in the SWIR with a directional-hemispherical geometry is shifted to vertically align with the 0/45 measurements. Now, using the ex-InGaAs radiometer, we can measure the 0/45 reflectance factors directly and compare the results with those obtained using the directional-hemispherical geometry.
A. Measurement of Directional-Hemispherical Reflectance Factors Directional-hemispherical measurements were acquired using STARR [3] . Briefly, the unpolarized radiant flux, which is produced by the lamp-based source and monochromator described in Section 2, passes through the entrance port of an integrating sphere. The sphere has a diameter of 30 cm, is lined with a 1 cm thick coating of polytetrafluoroethylene (PTFE), and has a sample port with a diameter of 5 cm. Inside the sphere, the beam is incident upon either the sample (sample position) or the wall of the sphere (wall position) at an angle of illumination of 6° from the normal of the surface. The sampling aperture has a diameter of 25 mm, as defined by the illumination beam. The reflected radiant flux of the beam undergoes multiple reflections (> 100) within the integrating sphere, achieving uniform irradiance on the sphere wall. A detector attached to the integrating sphere views a large portion of the sphere wall, producing a signal proportional to the reflected flux of either the sample or the wall, depending on the incident beam position. The detector is an ultraviolet-enhanced silicon photodiode for wavelengths less than 1100 nm and a 2-stage thermo-electrically cooled, ex-InGaAs photodiode for longer wavelengths.
Measurements acquired using an illumination angle of 6° include the specular component of the reflected radiant flux. This geometry is designated as 6/di. The 6/di spectral reflectance factors of a sample are determined by a relative measurement using the following equation:
where S is the net signal from the reflected radiant flux from the sample, Sw is the net signal from the reflected radiant flux from the wall when the sample is at the sample port, Sw,s is the net signal from the reflected radiant flux from the wall when the standard is at the sample port, Ss is the net signal from the reflected radiant flux from the reference standard, and Rs is the directional-hemispherical spectral reflectance factor of the reference standard. The reference standard is pressed PTFE, and its 6/di spectral reflectance factors have been determined previously using the absolute method of Van den Akker [13, 14] .
This measurement is accomplished using the substitution method. First, the reference standard is installed at the sample port of the integrating sphere. For each wavelength, the following signals were measured in this order: wall signal, dark signal in the wall position, reference standard signal (in the sample position), dark signal in the sample position, wall signal, and dark signal in the wall position. Next, the sample is installed at the sample port. The following signals were measured for each wavelength in this order: sample signal, dark signal in the sample position, wall signal, and dark signal in the wall position, sample signal, and dark signal in the sample position. For detection with a silicon photodiode and picoammeter, dark signals were obtained by closing the shutter on the monochromator. For detection with an ex-InGaAs photodiode, the signals are collected in AC mode using a mechanical chopper and phase-sensitive detection.
B. Comparison results
The 6/di reflectance factors of the three diffuser materials described in Section 3 were measured from 250 nm to 2500 nm in 25 nm increments and compared to their respective 0/45 reflectance factors. Figure 5 shows how the ratio of 0/45 reflectance factor to 6/di reflectance factor differs from one. While there appears to be a constant offset for all three materials between the two geometries from 400 nm to 1100 nm, the ratios clearly decrease for wavelengths longer than 1100 nm, with sintered PTFE experiencing the greatest decline.
The ratios of 0/45 reflectance factor to 6/di reflectance factors for each material were fit to a line using a linear least-squares method. Only the ratios within the spectral range of 400 nm to 2500 nm were used for the fit, and the inverse of the uncertainties squared were used as weights for the fitting process. The resulting coefficients for the least-squares fits and their uncertainties (k = 2) are provided in Table 3 .
Thus, for those who wish to approximate the 0/45 reflectance factors of nearly Lambertian materials in the SWIR with reflectance factors obtained using a directional-hemispherical geometry, a wavelength-dependent correction factor will need to be applied. The correction factor is determined from the linear fits, and the overall uncertainty of that correction factor is determined from prediction bands.
A prediction band is the estimated interval within which a future observation will fall, for a given probability, based on the data that has already been observed [16] . (The expanded uncertainty of the least-squares fit describes the mean fit dispersion, not the sample population.) Prediction bands were calculated for a confidence level of 95 % based on the sample of ratios and their linear fits. The fits and prediction bands are shown in Figure 6 . The resulting prediction bands are approximately 0.011 for pressed PTFE, 0.006 for sintered PTFE, and 0.008 for ceramic. Fig. 5 . The ratio R0/45/R6/di of spectral reflectance factor obtained using the 0/45 geometry to that obtained using the 6/di geometry as a function of wavelength λ of sintered PTFE, pressed PTFE, and ceramic samples. (The scale for this figure was chosen to depict the overall trend of the ratios across the spectral region; consequently, the ratio for the ceramic sample at 250 nm is beyond the scale of this figure.) Table 3 . Coefficients for the linear least-squares fits of the ratio R0/45/R6/di for the wavelength range 400 nm to 2500 nm of sintered PTFE, pressed PTFE, and ceramic samples.
Diffuser material Slope y-Intercept
Pressed PTFE -5.7×10 -6 ± 3.0×10 -6 1.0273 ± 0.0042
Sintered PTFE -9.4×10 -6 ± 2.7×10 -6 1.0222 ± 0.0039 Ceramic -2.5×10 -6 ± 2.5×10 -6 1.0200 ± 0.0036 Fig. 6 . The linear least-squares fits of the ratio R0/45/R6/di of spectral reflectance factor obtained using the 0/45 geometry to that obtained using the 6/di geometry as a function of wavelength λ of sintered PTFE, pressed PTFE, and ceramic samples and their respective prediction bands (shaded areas).
Conclusion
NIST has disseminated the reflectance scale for many years through the calibration of reflectance standards. Until recently, the capability of measuring bidirectional reflectance was limited to wavelengths less than 1100 nm. However, the development of low noise, high-shunt resistance ex-InGaAs based radiometers has enabled the expansion of NIST's bidirectional reflectance capability to include wavelengths from 1100 nm to 2500 nm.
Using this new capability, the 0/45 reflectance factors of three materials commonly used for reflectance standards were determined from 250 nm to 2500 nm. All three materials exhibited reflectance properties considered desirable for reflectance standards, namely that the material is spectrally flat with high reflectance values. Choice of material for a reflectance standard then depends on factors such as cost, application, and environmental conditions. Pressed PTFE is a low-cost option, accessible to any laboratory. A simple press can be used to create a sample from powdered PTFE, and reference values for the 45/0 reflectance factors of pressed PTFE from 380 nm to 770 nm are available [15] . Using the ex-InGaAs radiometer, NIST will be expanding this reference set beyond the visible region in a future publication.
Sintered PTFE is produced by a process of pressing and heating that transforms powdered PTFE into a solid, machinable, thermoplastic resin. The surface is durable and cleanable, unlike pressed PTFE. Its thermal and chemical stability have made it a popular choice for remote sensing applications, such as an in-flight calibration diffuser on satellite sensors. The ceramic sample used in this study was designed to be high-performing in terms of its durability and thermal stability. The ceramic sample is available in two forms, glazed and unglazed. While the glaze may provide protection from contaminants, this study only examined the unglazed ceramic due to its improved diffuse reflectance properties. Nevertheless, the ceramic sample may be a suitable alternative for in-flight diffusers due to its more spectrally flat features in the SWIR. Future work involves the characterization of its aging properties of ceramic due to UV exposure as compared to sintered PTFE.
Now that we have successfully demonstrated the capability to measure 0/45 reflectance factors beyond 1100 nm, NIST is developing the next-generation reflectometer, which will allow reflectance calibrations to be made at nearly any combination of incident and scattering angles over the full solar reflective region [17] .
